Abstract: 5-fluorouracil or 5-FU (a chemotherapeutic medication) has been revealed to induce memory deficits in many cancer patients. Asiatic acid (AA) is a triterpenoid extract from Centella asiatica. This compound can ameliorate intracellular oxidative stress caused by chemotherapy drugs. Recent studies have shown that AA is capable of inhibiting neuronal generation and memory deficit produced by 5-FU chemotherapy. This study aimed to assess the molecular mechanisms of AA related to hippocampal neurogenesis and memory in rats receiving 5-FU. Male Sprague Dawley rats were given AA (30 mg/kg) orally and given 5-FU (25 mg/kg) by i.v. injection 5 times. Some rats were given AA for 20 days before and during 15-FU treatment (preventive), some received AA for 20 days after 5-FU treatment (recovery), and some underwent treatment with AA throughout the time of the experiment (throughout) for 40 days. Treatment with 5-FU caused significant reductions in Notch1, sex determining region Y-box 2 (SOX2), nestin, doublecortin (DCX), and nuclear factor erythroid 2-related factor 2 (Nrf2) levels within the hippocampus. In addition, 5-FU significantly increased p21 positive cell number in the subgranular zone (SGZ) and malondialdehyde (MDA) levels in the hippocampus. Administration with both AA and 5-FU in prevention and throughout was able to prevent decreases in Notch1 SOX2, nestin, DCX, and Nrf2 caused by 5-FU. Treatment with AA also led to decreases in p21 positive cells and MDA levels in the hippocampus. These findings exhibit that AA has the ability to counteract the down-regulation of neurogenesis within the hippocampus and memory deficits caused by 5-FU via inhibiting oxidative stress and increasing neuroprotective properties.
Introduction
Chemotherapy is a principal treatment used to treat cancer patients. One of the possible side effects of chemotherapy is long-term memory impairment [1] [2] [3] . Moreover, chemotherapy remedy induces intracellular oxidative stress in both animals [4] and humans [5, 6] . In addition, previous studies have found that chemotherapy drugs can enhance lipid peroxidation and upregulate levels of malondialdehyde (MDA) in the hippocampus [7] [8] [9] . Increases in MDA levels can cause cognitive impairment and neuronal loss in the hippocampus [10] . 5-fluorouracil (5-FU) is a chemotherapeutic medication and functions as an antimetabolite [11, 12] . It is commonly utilized in the treatment of different types of cancers, such as bowel, prostate, and breast cancer [13] . It can passively diffuse across the blood brain barrier and is capable of damaging cell proliferation by inhibiting the enzyme thymidylate synthase, which is important for DNA replication [14, 15] . 5-FU causes down-regulations in hippocampal cell division and survival and induces spatial working memory deficits [2, 16, 17] . However, 5-FU induced the memory dysfunction and reduction of hippocampal neurogenesis can be ameliorated by co-administration with fluoxetine [1, 18] .
Asiatic acid (AA) is a triterpenoid agent extracted from Centella asiatica (L.) Urban, which has many pharmacological activities, such as antioxidant and neuroprotective properties [19] [20] [21] . AA exhibits neuroprotective properties by acting as a cellular oxidative defense mechanism. 5-FU can cross the brain blood barrier (BBB) by simple diffusion [22] in animal studies. In humans, 5-FU can diffuse pass BBB and cause encephalopathy [23] . It has also been found to reduce blood pressure and MDA levels in a hypertensive rat model [24, 25] . In addition, AA can protect against intracellular oxidative stress and reduce vital organ toxicity caused by chemotherapy drugs [26] . It has also been shown to improve learning and cognition, which are dependent on hippocampal neurogenesis in an animal model [27] . Furthermore, AA is found to have a preventive effect against hippocampal neurogenesis and spatial working memory impairment in rats given valproic acid [28] and 5-FU chemotherapy drugs [29] . The present study thus emphasizes the exploration of the molecular mechanisms of AA that are related to hippocampal neurogenesis and memory in rats receiving 5-FU. Oxidative stress was measured using the MDA assay and cell cycle arrest in the SGZ of the hippocampus was examined using p21 staining. Furthermore, Notch1, sex determining region Y-box 2 (SOX2), nestin, doublecortin (DCX), and nuclear factor erythroid 2-related factor 2 (Nrf2) levels were assessed using immunoblotting.
Materials and Methods

Animals and Treatments
Male Sprague Dawley rats (age 4-5 weeks, weight 180-220 g) were obtained from the National Laboratory Animal Center, Mahidol University, in Salaya, Nakornpathom, Thailand. Rats were habituated with a 12 h cycle of light and dark. They also had access to food and water ad libitum. All tests were done in accordance with the National Guidelines of Animal Care and were approved by the Animal Ethics Committee of Khon Kaen University (project number AEKKU 25/2557).
Sixty rats were randomly assigned into six groups (10 rats/group): control, 5-FU, AA, preventive, throughout and recovery groups. Rats in the control group were orally given propylene glycol (Ajax Finechem Pty Ltd., Auckland, New Zealand) not more than 1 mL/kg on day 1 to day 20 and received 0.9% sterile saline 5 intravenous (i.v.) injection. The 5-FU group treated with 5-FU (25 mg/kg, Boryung pharmaceutical Co., Ltd., Seoul, Korea) 5 times by i.v. injection, 3 days apart starting on day 8. Doses of 5-FU are within a range that could reduce tumor growth in rats [30] . The AA group received AA dissolved in propylene glycol (30 mg/kg, Faces Biochemical Co., Ltd., Wuhan, China) on day 1 to day 20. The preventive group was given AA on day 1 to day 20 and received 5-FU at an equal dose to the rats in 5-FU group. The throughout group was administered with 5-FU at an equal dose to the 5-FU group and received AA starting on day 1 to day 40. In recovery group, rats were administered with 5-FU (5 times by i.v. injection) at an equal dose to 5-FU group and started to receive AA on day 21 to day 40 ( Figure 1 ).
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Tissue Preparation
All rats were euthanized by rapid stunning and cervical dislocation 3 days after the drug administration because it takes time to wash out of the body [31, 32] . The brain was preserved in a cryoprotectant (30% sucrose solution) at 4 • C. Three hours after cryopreservation, the brain was snap frozen while embedded in Optimal Cutting Temperature (OCT) compound (Thermo Fisher Scientific, Karlsruhe, Germany) and stored at −80 • C for immunohistochemistry. The hippocampus was removed from the other half of the brain, snap-frozen rapidly in liquid nitrogen, and kept at −80 • C for immunoblotting and malondialdehyde (MDA) assay.
Immunohistochemistry
Cell cycle arrest was explored using p21 immuno-labeling. Frozen brains were cut at 40 µm thickness along the frontal plane using a freezing microtome (A.S. Science Co., Ltd., Walldorf, Germany). Sections were stored in a cryoprotective buffer at 4 • C. Nine sections were selected from every 8th section throughout the whole dentate gyrus. The sections were incubated with p21 primary antibody (Santa Cruz Biotechnology, Dallas, Texas, USA; sc-397; 1:100) for 24 h at 4 • C. Subsequently, they were incubated with goat anti-rabbit IgG secondary antibody (Alexa Fluor ® 568; Life Technologies, Carlsbad, CA, USA; A11011; 1:300) for 60 min and finally stained with DAPI (1:6000, Sigma Aldrich, Inc., St. Louis, MO, USA) for 30 s.
Eight sections were evaluated at X40 through a Nikon ECLIPSE 80i fluorescence microscope running NIS-Element AR 3.2 software (Melville, NY, USA). All p21 active cells within 3 cells from the innermost layer of the dentate gyrus were considered [27] [28] [29] . Summation of p21 active cell count in each hippocampus was multiplied by 8.
Western Blotting
The hippocampal tissue was homogenized to quantify protein expression as previously reported [2] . First, 45 µg of Notch1 and DCX proteins was loaded onto 10% and 12% SDS-polyacrylamide gels, respectively. Nestin levels were quantify by loading 20 µg of protein per lane onto 10% SDS-polyacrylamide gels. In addition, determination of SOX2 and Nrf2 levels was assessed by loading 20 µg of protein onto 12% SDS-polyacrylamide gels. Proteins were transferred onto nitrocellulose membranes. The blots were incubated overnight at 4 • C with primary antibodies as follows: polyclonal anti-Notch1 (Santa Cruz Biotechnology, Dallas, TX, USA; sc-6014; 1:100), polyclonal anti-DCX (Santa Cruz Biotechnology, Dallas, TX, USA; sc-8066; 1:150), monoclonal anti-nestin (Merck Millipore, MA, USA; MAB353; 1:1000), polyclone al anti-SOX2 (Abcam, Cambridge, UK; ab97959; 1:2000), polyclonal anti-Nrf2 (Abcam, Cambridge, UK; ab31163; 1:1000), and monoclonal mouse anti-GAPDH antibody (Abcam, Cambridge, UK; ab8245; 1:20,000). The blots were then washed and incubated with the secondary antibody (polyclonal goat anti-mouse; P0447, polyclonal goat anti-rabbit; P0448 and polyclonal rabbit anti-goat; P0449, Dako, Cambridge, UK; 1:2000). The blots were activated by an ECL solution (GE Healthcare, Buckingham, UK) and then measured protein density using ImageJ software (version 1.48 q). Data are presented as DCX (45 kilodalton; kDa), Notch1 (120 kDa), Nrf2 (68 kDa), SOX2 (34-40 kDa), and Nestin (200-220 kDa) optical density expressions as a ratio of GAPDH (36 kDa).
Assay of Malondialdehyde (MDA)
Thiobarbituric acid reactive substance (TBARS) was measured to show MMDA levels in the hippocampus. Tetraethoxypropane (TEP, Sigma Aldrich, Inc., St. Louis, MO, USA) was used as a standard solution. In brief, 100 µL of supernatant from tissue sample was mixed with 100 µL of 8.1% sodium dodecyl sulfate (Loba Chemie, Mumbai, India), 750 µL of 20% acetic acid solution (RCI Labscan, Bangkok, Thailand, pH 3.5), and 750 µL of a 0.8% thiobarbituric acid solution (TBA, Sigma Aldrich, Inc., St. Louis, MO, USA). The specimen was heated in a water bath at 95 • C for 60 min.
The mixture was then centrifuged at 4000× g rpm for 10 min. The product of the TBA-MDA reaction was pink and had an absorbance of 540 nm according to spectrophotometric examination.
Statistical Analysis
All statistical parameters were calculated using GraphPad Prism version 5.0 and IBM SPSS Statistics version 17.0 (SPSS Inc., Chicago, IL, USA) and were presented as mean ± SEM. Statistical significance was assessed as p < 0.05. One-way ANOVA was used to evaluate a probability level of p21 positive cells, MDA levels, and protein expression. Least Significant Difference (LSD) was carried out to compare between groups when the results of one-way ANOVA were significant.
Results
Consequences of AA and 5-FU on the Expression of Notch1, SOX2, Nestin and DCX in the Hippocampus
Hippocampal Notch1, SOX2, nestin, and DCX expressions were determined via Western blotting ( Figure 2 ). Examination of hippocampal Notch1 levels exhibited significant differences among the various groups (F 5,25 = 49.96, p < 0.0001, Figure 2A ). Notch1 levels in animals administered with 5-FU alone were significantly less than control, AA, preventive, and throughout rats (p < 0.05). Notch1 levels of rats received only AA were significantly greater than the control rats (p < 0.05). Moreover, Notch1 expressions in the rats received AA in recovery were not different from those in the rats treated with 5-FU (p > 0.05), but were significantly less than the control rats (p < 0.05). These results show that co-administration with AA in prevention or throughout the entire period of the experiment can improve hippocampal Notch1 protein expression. 
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The examination of SOX2 protein expressions demonstrated a significant difference among the groups (F 5,30 = 3.213, p = 0.0193, Figure 2B ). Rats received 5-FU significantly expressed fewer SOX2 levels than the control, AA, or both 5-FU and AA (preventive and throughout) rats (p < 0.05). Rats in the recovery group did not show significant difference in SOX2 levels in comparison with the 5-FU rats (p > 0.05) but had significantly fewer SOX2 levels than the control rats (p < 0.05). These results suggest that AA is able to prevent decreases in SOX2 protein levels when administered before and during 5-FU treatments or throughout the entire treatment, but not after.
Nestin protein expression in the 5-FU treated group was significantly less than in the control group (F 5,30 = 4.166, p = 0.0054, Figure 2C ). Rats in the AA, preventive, and throughout groups showed nestin expressions significantly greater than the 5-FU group (p < 0.05). Surprisingly, nestin expressions in the recovery group were significantly less than those in control rats (p < 0.05). These results indicate that AA is potential to ameliorate decreases in nestin protein levels caused by 5-FU.
There were significant differences in terms of DCX levels among the various groups (F 5,25 = 20.67, p < 0.0001, Figure 2D ). Levels of DCX in the hippocampus in the rats given 5-FU significantly differed from those in the control, AA, preventive, and throughout groups (p < 0.05). Rats in the AA group showed a significant up-regulation of DCX levels when compared to the control group (p < 0.05). DCX protein expression in the recovery group did not significant differ from the 5-FU group (p > 0.05), but expression of this protein was significantly lower in the 5-FU group than in the control group (p > 0.05). These findings show that receiving AA in prevention or throughout the entire period of the experiment increased DCX protein expression to levels above those found in animals given 5-FU alone.
Effects of AA and 5-FU on the Expression of p21 in the Hippocampus
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Cell cycle arrest in the hippocampus was investigated using p21 (a marker of cell damage) immunostaining. p21 positive cell numbers in rats treated with only 5-FU were significantly higher than that in the controls (F5,30 = 9.783, p < 0.0001, Figure 3 ). Animals that received AA alone had significantly lower numbers of p21 positive cells when compared to the control and 5-FU rats (p < 0.05). In addition, the numbers of p21 positive cells in rats treated with AA were significantly less than those in the 5-FU group when rats received AA in prevention, recovery and throughout (p < 0.05). The data show that AA can inhibit the expression of p21 and repair cell damage caused by 5-FU. Images of p21 positive cells (red) in the dentate gyrus (A-F). All nuclei were stained with DAPI (blue). In the SGZ, p21 positive cells were indicated by arrowheads (scale bars 100 μm). p21 immunostaining was magnified as shown in the inserted images (scale bar 50 μm). p21 positive cell counts in the 5-FU group were significantly higher than those in the control, AA, preventive and throughout groups (p < 0.05, (G)). * p < 0.05 and # p < 0.05 compared with the controls and 5-FU groups, respectively. SGZ: subgranular zone, ML: molecular layer, GCL: granule cell layer. Images of p21 positive cells (red) in the dentate gyrus (A-F). All nuclei were stained with DAPI (blue). In the SGZ, p21 positive cells were indicated by arrowheads (scale bars 100 µm). p21 immunostaining was magnified as shown in the inserted images (scale bar 50 µm). p21 positive cell counts in the 5-FU group were significantly higher than those in the control, AA, preventive and throughout groups (p < 0.05, (G)). * p < 0.05 and # p < 0.05 compared with the controls and 5-FU groups, respectively. SGZ: subgranular zone, ML: molecular layer, GCL: granule cell layer.
Consequences of AA and 5-FU on Malondialdehyde (MDA) Levels in the Hippocampus
Determination of MDA levels reveals that 5-FU per se were significantly higher than those in the control group (F 5,42 = 6.568, p = 0.0001, Figure 4) . Rats in the AA, preventive, and throughout groups showed significant decreases in MDA levels when compared to receiving only 5-FU (p < 0.05). Furthermore, MDA levels in the recovery group significantly differed from the control group (p < 0.05) but did not significantly differ from the 5-FU group. These findings suggest that receiving AA in prevention or throughout the whole duration of the experiment is able to counteract the impact of 5-FU on hippocampal MDA levels.
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Discussion
Newly generated neurons are important for adult brain plasticity and contribute to the functionality of hippocampal networks, which are required for learning and memory [33, 34] . Many factors can influence neurogenesis process [35, 36] . In the hippocampus, 5-FU chemotherapy treatment reduces cell division [2, 16] and cell survival. It also induces spatial working memory deficits [1, 29] . Moreover, neurogenesis in adult hippocampus is controlled by neurotransmitters, nerve growth factors, and transcription factors [37] .
The present study postulates that 5-FU treatment decreased both Notch1 and DCX levels in the hippocampus. Notch1 (a transmembrane protein receptor) is found in neural stem cells in the hippocampus [38, 39] . It is essential for proliferation and differentiation of neurons [40, 41] . DCX (a microtubule associated protein) is mainly detected in immature neurons [42, 43] . It is also needed for neuronal migration, differentiation, and plasticity [42, 44] . These results confirm those of a previous report, in which 5-FU treatment was found to cause reductions in DCX protein levels in the hippocampus [2] . Previous studies have found that valproic acid (antiepileptic drug) treatment reduces Notch1 and DCX protein levels, leading to decreases in neurogenesis in the hippocampus [45] . Animals treated with AA alone exhibited significantly higher Notch1 and DCX expression than the control rats, a finding that is in line with those of our recent study [27] . Recent studies have found the ability of AA that prevent decreases in Notch1 caused by valproic acid in adult rats [28] . AA administration in prevention or throughout led to significantly higher Notch1 and DCX levels in comparison with rats treated with only 5-FU. Notch1 and DCX levels of animals treated with AA for 20 days after 5-FU treatment (recovery) did not return to control levels. SOX2 (a transcription factor) has a crucial function in cell division, self-renewal, and differentiation of neural stem cells [46, 47] . Previous studies have reported that cisplatin (a chemotherapeutic drug) can decrease the number of SOX2 positive cells in the SGZ of the dentate gyrus and induce cognitive deficits in the rat brain [48] . Similarly, the present data show that 5-FU medication decreased hippocampal SOX2 expressions. In addition, animals treated with 5-FU alone had a significantly lower expression of nestin protein levels than the controls. Nestin (an intermediate filament protein) is important for self-renewal and survival of neural stem and progenitor cells [49, 50] . These data are in similar to those from latest studies, which found suppression of nestin protein expression to be associated with decreases of neural progenitor cells (NPCs) induced by morpholino injection in zebrafish embryos [51] . In terms of SOX2 or nestin expression, no significant difference was found between rats received AA and the controls, indicating that AA did not enhance SOX2 or nestin expression in normal rats. However, SOX2 and nestin levels in rats received AA in prevention or throughout the entire duration of the experiment were significantly increased when compared to rats administered with 5-FU alone. By contrast, the expression SOX2 and nestin in animals given AA in recovery was not restored to control levels. These results indicate that AA may prevent the impairment of hippocampal neurogenesis enhanced by 5-FU agent by promoting Notch1, DCX, SOX2 and nestin protein expression in the hippocampus. However, these levels were not restored when AA was administered after chemotherapy.
Chemotherapy treatment can induce intracellular oxidative stress [5, 52, 53] and enhance oxidative damage of lipids and DNA. MDA is a major product of lipid peroxidation. In the present study, treatment with 5-FU chemotherapy increased MDA levels in the hippocampus. Similarly, cisplatin administration has been shown to significantly increase levels of MDA [9, 10] and reduce the number of hippocampal neurons, changes which are concomitant with memory deficits [10] . Furthermore, previous studies have reported that 5-FU can induce expression of p21, a marker of cell damage, in cell culture [54] . Our study revealed that 5-FU per se significantly enhanced p21 positive cell numbers when compared to the controls. These findings demonstrate that 5-FU chemotherapy can cause hippocampal intracellular oxidative stress, which is concomitant with down-regulation of hippocampal neurogenesis.
There are various factors that can increase adult hippocampal neurogenesis including exercise, sleep, and the use of antidepressant drugs [55] . Previous studies have found that Kaempferia parviflora extract is capable of inhibiting memory deficits and reductions in hippocampal cell division caused by valproic acid [56] . Furthermore, co-administration with fluoxetine has been shown to ameliorate memory dysfunction and reductions in hippocampal cell generation found in 5-FU treatment [1, 18] . Recent studies have found that AA can protect against memory impairment associated with cell proliferation and survival reductions in the SGZ of the hippocampus produced by 5-FU treatment [29] . AA also has antioxidant properties and protects against neuronal degeneration [21, 57] . In addition, it can protect against intracellular oxidative stress and reduce liver [58] , heart, and kidney tissue damage by increasing the Nrf2 expression [26] . Nrf2 has a crucial function in activating antioxidant mechanism and protecting against cell damage [59] . In addition, Nrf2 is essential for neuronal proliferation and differentiation in the hippocampus [60] . The present study found that treatment with 5-FU decreased Nrf2 protein expression. However, co-administration with AA before and during 5-FU treatments (preventive) or throughout the entire duration of the experiment (throughout) significantly increased the expression of Nrf2 and decreased p21 expression and MDA levels in the hippocampus. Co-administration of AA after (recovery) 5-FU treatment led to significantly lower levels of p21 when compared to administration of 5-FU alone. However, MDA and Nrf2 levels in rats administered AA in recovery were not different from the 5-FU rats. It is possible that AA enhances the antioxidant defense system and decreases lipid peroxidation and DNA damage if it is administered 5-FU in prevention and throughout but not in recovery. These results indicate that AA may prevent the reduction of hippocampal neuronal generation produced by 5-FU treatment by inhibiting intracellular oxidative stress.
Conclusions
In summary, increases of p21 (cell cycle arrest) and MDA (lipid peroxidation product) in the hippocampus produced by 5-FU was prevented by receiving AA. These results are associated with the increases of Notch1, SOX2, nestin, DCX, and Nrf2 expression in the hippocampus. However, it does not show a preventive effect of AA if the rats are given AA in recovery. Therefore, AA should be considered as an alternative drug for use in the prevention of cell damage in the hippocampus in patients taking 5-FU chemotherapy drugs.
